Stature estimation from complete long bones in the Middle Pleistocene humans

from the Sima de los Huesos, Sierra de Atapuerca (Spain) by Carretero, José Miguel et al.
Stature estimation from complete long bones in the Middle Pleistocene humans 
from the Sima de los Huesos, Sierra de Atapuerca (Spain) 
]ose-Miguel Carretero a,b", Laura Rodriguez a, Rebeca Garcia-Gonzalez a , ]uan-Luis Arsuaga b,c, 
Asier Gomez-Olivencia d , Carlos Lorenzo b,e , Alejandro Bonmati b,c, Ana Gracia b, f, Ignacio Martinez b, f, 
Rolf Quam b,g,h 
a Laboratorio de Evoluci6n Humana, Dpto. de Ciencias Hist6ricas y Geografia, Universidad de Burgos, Edificio I+D+~ Plaza Misael Bafiuelos sin, 09001 Burgos, Spain 
b Centro UCM-JSOII de Investigaci6n sobre Evoluci6n y Comportamiento Humanos, Avda. Monforte de Lemos, 5, 28029 Madrid, Spain 
C Departamento de Paleontologfa, Facultad de Ciencias Geol6gicas, Universidad Complutense de Madrid, Ciudad Universitaria sin, 28040 Madrid, Spain 
d Leverhulme Centre for Human Evolutionary Studies, Department of Biological Anthropology, University of Cambridge, Cambridge CB2 3Dl, UK 
e Institut de Paleoecoiogia Humana i Evoluci6 Social-Area de Prehistoria, Facultat de Lletres, Universitat Ravira i Virgil~ Plar;a Imperial Tarraco 1,43005 Tarragona, Spain 
fDepartamento de Geologfa, Universidad de AicalG, Edificio de Ciencias, Campus Universitario, 28871 AlcalG de Henares, Spain 
g Department of Anthropology, Binghamton University (SUNY), Binghamton, NY 13902-6000, USA 
h Division of Anthropology, American Museum of Natuml History, Central Park West at 79th St, New York, NY 10024, USA 
Keywords: 
Body size 
Limb bones 
Fossil humans 
Homo heidelbergensis 
Spain 
European hominins 
Introduction 
ABSTRACT 
Systematic excavations at the site of the Sima de los Huesos (SH) in the Sierra de Atapuerca (8urgos, 
Spain) have allowed us to reconstruct 27 complete long bones of the human species Homo hei-
delbergensis. The SH sample is used here, together with a sample of 39 complete Homo neanderthalensis 
long bones and 17 complete early Homo sapiens (Skhul/Qafzeh) long bones, to compare the stature of 
these three different human species. Stature is estimated for each bone using race- and sex-independent 
regression formulae, yielding an average stature for each bone within each taxon. The mean length of 
each long bone from SH is significantly greater (p < 0.05) than the corresponding mean values in the 
Neandertal sample. The stature has been calculated for male and female specimens separately, averaging 
both means to calculate a general mean. This general mean stature for the entire sample of long bones is 
163.6 cm for the SH hominins, 160.6 cm for Neandertals and 177.4 cm for early modern humans. Despite 
some overlap in the ranges of variation, all mean values in the SH sample (whether considering isolated 
bones, the upper or lower limb, males or females or more complete individuals) are larger than those of 
Neandertals. Given the strong relationship between long bone length and stature, we conclude that SH 
hominins represent a slightly taller population or species than the Neandertals. However, compared with 
living European Mediterranean populations, neither the Sima de los Huesos hominins nor the Nean-
dertals should be considered 'short' people. In fact, the average stature within the genus Homo seems to 
have changed little over the course of the last two million years, since the appearance of Homo ergaster in 
East Africa. It is only with the emergence of H. sapiens, whose earliest representatives were 'very tall', 
that a significant increase in stature can be documented. 
Researchers have long appreciated the significant relationship 
between body size and an animal's overall adaptive strategy and 
life history (see for example Damuth and MacFadden, 1990 and 
references therein). One measure of size that is especially impor-
tant for human evolutionary studies is stature. The estimation of 
adult stature from skeletal remains is part of the reconstruction of 
the individual's physique during life, provides an indication of size, 
and clearly influences body mass. Despite a long history of inves-
tigation, stature estimation in fossil hominins is plagued by 
numerous methodological issues. In palaeoanthropology, stature 
must be estimated from preserved skeletal elements whose 
correlation with stature is variable (i.e., thorax, long or short bones, 
upper or lower limbs, etc.). In addition, the sexual attribution of the 
fossil specimens in order to use sex-specific formulae and the fact 
that very often we must work with fragmentary and incomplete 
specimens further complicates the estimation of stature in fossil 
human species. Choosing the statistical estimator and the reference 
population or sample from which to derive the parameters are two 
of the main problems in estimating stature from skeletal remains. 
The lengths of the limb long bones are highly correlated with 
stature, especially the weight bearing bones of the lower limbs, and 
many regression equations have been proposed to estimate stature 
using the limb bones (e.g., Pearson, 1898; Dupertuis and Hadden, 
1951 ; Trotter and Gleser, 1952, 1958; Olivier, 1963; Trotter, 1970; 
Olivier et al., 1978; Feldesman and Fountain, 1996 among others). 
However, the relationship between stature and long bone length 
may differ among populations and, as a consequence, population-
specific regression equations are often used for individuals from 
different populations. For example, many attempts at stature 
reconstruction from fossil human long bone specimens generally 
involve the use of regression analysis based on the Trotter and Gleser 
equations (Trinkaus, 1983; Vandermeersch and Trinkaus, 1995; Ruff 
et al., 1997; Carretero et al., 1997, 1999; Rosenberg et al., 2006). 
To combat these problems, researchers derived alternate 
procedures involving the use of reference populations that are 
more similar in size to the fossil specimens (Lovejoy and Heiple, 
1970; McHenry, 1974, 1991, 1992; Olivier, 1976; Trinkaus, 1981, 
1983; Leakey and Walker, 1985; Geissmann, 1986; Ruff and 
Walker, 1993; Ruff et al., 1997). These studies suggest that stature 
estimations for fossil hominins should be based on equations 
derived from modern populations with similar body proportions. 
Preference for a particular regression model should be based on 
biological factors, and the decision to utilize a particular reference 
sample should also be based on the most relevant biological 
context. Nevertheless, the recovery of fossil specimens with clearly 
distinct body size and proportions further complicates attempts at 
stature reconstruction. 
This is in direct contradiction to the arguments made by many 
others that 'racial' affinity, sex or body proportions need not be 
taken into consideration when estimating stature in fossil homi-
nins. For example, Feldesman and Lundy (1988), Feldesman et al. 
(1990), Feldesman and Fountain (1996) among others, argue that 
a 'generic' (i.e., average global) ratio provides the most accurate 
predictor of stature when 'racial' affinity is unknown, as is the case 
for fossil hominins, where there is no way of knowing if the 
reference sample is representative of the population from which 
the target specimen is drawn. 
Whichever reference population(s) approach is preferred, 
results clearly vary depending on the model type regression and 
statistical technique used (Olivier, 1976; Feldesman and Lundy, 
1988; jungers, 1988; Feldesman et al., 1990; Aiello, 1992; 
Konigsberg et al., 1998; Hens et al., 2000; Porter, 2002; Raxter 
et al., 2006). Indeed, for some authors the choice of reference 
sample is considered a purely statistical issue (Kendall and Stuart, 
1967). Due to the difficulties inherent in these methodological 
issues and the impossibility of making a final recommendation 
broadly applicable to all palaeoanthropological contexts, we cannot 
rule out, and we explore, stature estimations based on mixed-sex 
and multi-racial regression formulae. 
Our objective in the present study is to estimate a mean stature 
of Homo heidelbergensis using a sample of complete upper and 
lower limb long bones from the Sima de los Huesos (SH) site in the 
Sierra de Atapuerca and to compare the results with samples of 
complete Homo neanderthalensis and early Homo sapiens (EMH) 
(Skhul/Qafzeh) long bones. More limited comparisons are also 
drawn with other Pleistocene Homo fossils from Asia and Africa. 
Material and methods 
The Sima de los Huesos site in the Sierra de Atapuerca (Burgos, 
Spain) (Arsuaga et al., 1997b) contains an accumulation of Middle 
Pleistocene human fossils considered to represent the evolutionary 
ancestors of the Neandertals. The remains from the site are well-
preserved. A minimum of 28 humans (Bermudez de Castro et al., 
2004), fragmented and scattered, have been recovered from 
a mud-breccia laying stratigraphically below a jumble of bones of 
the Middle Pleistocene cave bear (Ursus deningeJi; Garcia et al., 
1997). The collection has significantly increased the fossil record of 
post cranial remains of H. heidelbergensis and provides an unprece-
dented opportunity to study intra-population variation (Arsuaga 
et al., 1991, 1993, 1995, 1997a, 1999; Martinez and Arsuaga, 1997; 
Carretero et al., 1997; 2004; Lorenzo et al., 1998; Gomez-Olivencia 
et al. , 2007; Martinez et al., 2008; Gracia et al., 2009). The most 
recent attempts to date the site have suggested a minimum age of 
530 ka (thousands of years ago) (Bischoff et al., 2007). 
One of the most significant aspects of the SH collection is that 
entire human bodies appear to have been deposited at the site, and 
it is likely that all of the bones recovered to date were originally 
complete (Arsuaga et al., 1997b). During the last 20 years, system-
atic excavations at the SH site and diligent restoration of the spec-
imens have made it possible to reconstruct 27 complete or virtually 
complete adult long bones from upper and lower limbs that can be 
used to estimate stature in H. heidelbergensis (Table 1). Fourteen of 
Table 1 
Maximum length and estimated height (cm) from complete Homo heidelbergensis 
long bones from Sima de los Huesos sorted into groups by sex and bone (n = 27). 
Side Maximum length Height'-
SH male specimens (N _ 21) 
Humerus Humerus 11 R 34.2 177.0 
Humerus X R 31.8 165.9 
Humerus XV L 34.2 177.0 
Radius Radius 11 L 24.2 166.2 
Radius IV L 25.7 171.8 
Radius V R 25.7 171.8 
Radius VI R 24.5 167.3 
Radius VII R 25.6 171.5 
Radius XI L 25.0 169.2 
Ulna Ulna VII R 27.5 173.6 
Ulna XIIb R (25.6) 164.8 
Femur Femur XC L 45.8 170.0 
Femur XII L 45.0 167.8 
Femur XIII R 45.0 167.8 
Tibiad Tibia III L 37.8 171.7 
Tibia VI R 35.6 164.5 
Tibia XI R 35.1 162.8 
Tibia XII R 36.8 168.4 
AT-848 R 37.8 171.7 
Fibulae Fibula I L 34.6 (35.1) 162.3 
Fibula III L 33.7 (35.7) 164.5 
SH female specimens (N = 6) 
Radius Radius I R 22.2 158.6 
Radius X L 22.1 158.2 
Ulna Ulna VIIIb L (24.4) 159.3 
Tibiad Tibia I R 33.6 157.9 
Tibia IV R 32.5 154.3 
Fibulae Fibula 11 L 32.3 (32.7) 153.7 
a Sj0vold (1990) weighted lines of organic correlation formulae for all ethnic 
groups independent of sex (see Table 5). 
b Estimated maximum length in parentheses. Ulna VIII lacks the distal styloid 
process, whose length has been estimated at 3 mm. Ulna XII lacks the distal 
epiphysis. 
C The previous estimate of the maximum length of the then incomplete Femur X 
was 47.5 cm (Arsuaga et aI. , 1999). Today it is a complete bone (see below and also 
Bonmati et aI. , 2010 ). 
d Tibia length used in Sj0vold formulae and given here is M1 = Total Length of 
Martin and Saller (1957): from the top of the lateral proximal condyle to the tip of 
distal malleolus (proximal spines are not included). 
e PreselVed maximum length and estimated maximum length in parentheses. 
Fibula I lacks the tip of the distallateral malleolus, whose length has been estimated 
as 5 mm. Fibula 11 lacks the apex of the head or proximal styloid process, whose 
length has been estimated at 4 mm. Fibula III lacks the proximal epiphysis and 
20 mm have been added to the preselVed length. 
the 27 complete long bones from SH belong to the upper limb (three 
humeri, eight radii and three ulnae; Fig. 1) and 13 to the lower limb 
(three femora, seven tibiae and three fibulae; Fig. 2). In only a few 
cases, the maximum length was minimally reconstructed due to 
erosion or damage of very small portions. The minimum number of 
individuals (MNI) is six based on the seven complete tibiae, six of 
them from the right side. The left Tibia-Ill could belong to the 
same individual as the right tibia AT-848. Different bones of the 
same individual are probably present among the 27 specimens. 
Nevertheless, it is currently not possible to definitively associate any 
of these with one another, and for statistical purposes we consider 
each long bone independently (Table 1). 
In addition, both sexes are clearly represented within the SH 
sample. Although sexual dimorphism is one of the major 
problems in palaeoanthropological studies (Arsuaga and 
Carretero, 1994), size variation in the SH hominines (as an 
expression of sexual dimorphism) is similar to that found in 
H. sapiens (Arsuaga et al., 1997a; Lorenzo et al., 1998 ). Using this 
rationale and discriminant analysis, we can provided a tentative 
sex determination for the SH specimens with the same proba-
bility as we do in a modern human sample. To derive discrimi-
nant formulae for sex determination, several reference samples of 
modern individuals of known sex were used (see SOM, Table 51.1). 
Prior to the sexual diagnosis of the SH specimens, we compare 
the main absolute dimensions for each long bone between SH 
and our pooled sex recent samples using a non-parametric 
test due to the very different fossil and recent sample sizes 
(Mann-Whitney U, p > 0.05). Only those variables that were not 
Figure 1. Complete or virtually complete adult upper limb bones from Sima de los Huesos site. 
Figure 2. Complete or virtually complete adult lower limb bones from Sima de los Huesos site. 
significantly different between recent and fossil samples were 
then introduced in the discriminant analyses and the formula 
with the best percentage of correctly classified individuals was 
obtained for each bone and its variables (SOM, Table 51.2). As we 
are using no significantly different variables between both 
samples, we obtain a sexual diagnosis for a fossil bone with the 
same confidence we could do for any specimen of the recent 
samples (SOM, Table SI.3). 
We have compared our SH sample mainly with three samples 
of complete long bones representing: 1) Neandertals, 2) early 
modern humans from Skhul and Qafzeh, and 3) Lower and 
Middle Pleistocene Homo specimens. There are 39 existing 
complete Neandertal long bones that belong to 19 different 
individuals (Table 2). For those Neandertal specimens in which 
sex is uncertain, we have applied the same kind of discriminant 
analysis as for the SH specimens and provide a sex determination 
for all of them. Although the Neandertal sample clearly includes 
multiple bones representing the same individual, we have 
considered each of the 39 Neandertallong bones independently 
to be consistent with our treatment of the SH sample. Neandertal 
data were collected on the original specimens by the authors or 
were taken from published studies. The same procedure has been 
used with a sample of 17 complete early modern human long 
bones (Table 3). Finally, we have included the scarce evidence 
from the African and Asian Lower and Middle Pleistocene for the 
genus Homo (Table 4 ). 
Table 2 
Maximum length and estimated height (cm) from complete Homo neanderthalensis 
long bones (n = 39) sorted into groups by sex and bone. 
Neandertal male specimens (N _ 26) 
Humerus Kebara 2 
Radius 
Ulna 
Femur 
La Chapelle aux Saints 
Neandertal 1 
Lezetxiki 
Regourdou 1 
Kebara 2 
Neandertal 1 
Shanidar 1 
Shanidar 4 
Regourdou 1 
Kebara 2 
La Ferrassie 1 
La Ferrassie 1 
Shanidar 1 
Shanidar 4 
Shanidar 5 
Sidr6nb 
Neandertal 1 
Neandertal 1 
Shanidar 1 
Amud 1 
Amud 1 
Spy 2 
Shanidar 2 
Side 
L 
R 
R 
R 
R 
L 
R 
L 
L 
R 
L 
R 
L 
L 
L 
R 
R 
R 
L 
R 
R 
L 
R 
L 
Kiik-Koba 1 R 
Spy 2 L 
Neandertal female specimens (N = 13) 
Humerus Sidr6nd L 
Radius 
Ulna 
Femur 
La Ferrassie 2 R 
Tabun 1 L 
Shanidar 6 
La Ferrassie 2 
Tabun 1 
La Quina 5 
La Ferrassie 2 
Tabun 1 
La Ferrassie 2 
Tabun 1 
La Ferrassie 2 
Tabun 1 
L 
R 
L 
L 
R 
L 
L 
R 
R 
R 
a Sj0vold (1990) formulae in Table 5. 
Maximum length 
32.4 
31.3 
31.5 
32.1 
31.0 
25.6 
23.9 
24.9 
23.8 
23.2 
28.0 
27.4 
27.3 
27.3 
25.5 
24.9 
26.1 
44.1 
44.4 
46.1 
48.2 
48.4 
42.5 
32.5 
34.6 
33.1 
30.5 
28.6 
28.7 
21.8 
20.0 
22.2 
24.3 
22.3 
24.3 
41.1 
41.6 
30.1 
31.5 
Heighe 
168.7 
163.6 
164.5 
167.3 
162.2 
171.5 
165.0 
168.6 
164.7 
162.4 
175.9 
173.1 
172.7 
172.5 
164.4 
161.6 
167.2 
165.4 
166.2 
170.8 
176.5 
177.0 
161.0 
154.3 
161.2 
156.2 
159.9 
151.1 
151.6 
156.9 
150.3 
158.6 
158.9 
149.6 
158.9 
157.2 
158.6 
146.4 
151.0 
b Complete ulna composed of fragments SDR-054 + SDR-055 + SDR-056. The 
length of the original ulna from Sidr6n was provided by MariaJose Sierra and Jose E. 
Egocheaga. 
C Tibial length definition as in Table 1. 
d Complete humerus composed by fragments SDR-036 + SDR-041. The length of 
the original humerus from Sidr6n was provided by Luis Cabo and Jose E. Egocheaga. 
Choosing a regression fonnula 
As discussed previously, there is no consensus within the field 
regarding the best methodology for stature estimation in palae-
oanthropology. This problem is intensified in the case of the SH 
sample since the body proportions of these humans are unknown 
and we only have isolated bones. Further, if we want to compare 
different human species, we should use a method applicable to 
species that cover different time spans, geographic distributions, 
ecological conditions and possibly body proportions. For these 
reasons, we believe that relying on multi-racial and pooled sex 
formulae for the SH hominins is much more useful than relying on 
others based on a single reference population. Nevertheless, 
another option involves estimating the stature of our fossil sample 
based on a large number of different formulae and then averaging 
the results of all the analyses (McHenry, 1974). In this case, the 
number of formulae applicable to each bone or individual may 
differ, and varying the number of formulae used obviously causes 
the results to vary as well. In addition, the statistical approach 
Table 3 
Maximum length and estimated height (in cm) from complete early Homo sapiens 
long bones sorted by bone (n = 17). 
Side 
E.M.H. male specimens (N _ 11) 
Humerus Qafleh 8 R 
Skhul IV L 
SkhulV R 
Skhul V L 
Radius 
Ulna 
Femur 
Skhul IV 
Skhul IV 
Skhul IV 
Skhul IV 
Skhul IV 
Skhul IV 
Skhul IV 
E.M.H. female specimens (N = 6) 
Humerus Qafleh 9 
Radius Qafleh 9 
Ulna Qafleh 7 
Qafleh 9 
Skhul VII 
Femur Qafleh 9 
L 
R 
L 
R 
L 
R 
L 
R 
R 
R 
R 
L 
R 
Maximum lengtha 
37.6 
33.7 
38.0 
37.9 
27.4 
29.4 
29.3 
49.1 
49.4 
43.0 
43.4 
33.0 
25.2 
27.1 
27.5 
23.9 
47.6 
Heightb 
192.7 
174.7 
194.6 
194.1 
178.3 
182.4 
181.9 
178.9 
179.7 
188.8 
190.1 
171.5 
170.0 
171.8 
173.6 
157.0 
174.7 
a Original data from Qafzeh and Skhullong bones taken from Vandermeersch 
(1981) and McCown and Keith (1939), respectively. 
b Sj0vold (1990) formulae in Table 5. 
C Tibial length definition as in Table 1. 
involves various regression models and type equations (see 
Konigsberg et al., 1998 and Hens et al., 2000 and references there 
in). Since in the present case we do not have the necessary bio-
logical information to select the correct formula, we are left with 
two options: 1) to compile, apply and average the results from as 
many equations as we can find, or 2) to use a set of formulae that 
are applicable in our particular context and that produce repro-
ducible results. 
Sj0vold (1990), Aiello and Dean (1990) and Aiello (1992) 
describe the differences and benefits inherent in the Model I 
(ordinary least squares-OLS) and Model 11 (major axis-MA and 
reduced major axis-RMA) regression methods and stature estima-
tion. For these authors, and many others, RMA is the best approach 
in a palaeoanthropological context where it may not be possible to 
know whether individual specimens or samples come from the 
same stature distribution as the reference sample. Nevertheless 
Konigsberg et al. (1998), Hens et al. (2000) and more recently Smith 
(2009) among others have critiqued this approach. 
To purposely avoid the mathematical and statistical 'long and 
winding road', we asked whether there is a set of methodologically 
Table 4 
Maximum length and estimated height (cm) from other complete fossil Homo long 
bones. 
Ulna 
Femur 
Tibiab 
Tibia 
Femur 
Specimen 
Jinniushan 
(Rosenberg et aI. , 2006 ) 
Trinil I 
Kabwe 
Ngandong B 
Ngandong B 
KNM-WT15000 
Side 
L 
L 
L 
R 
R 
L 
a Sj0vold (1990) formulae in Table 5. 
b Tibial length definition as in Table 1. 
Sex 
F 
M 
M 
M 
Max.length 
26.0 
46.2 
40.8 
(370)C 
(360-380)d 
43.2 
Heighta 
166.7 
171.1 
181.6 
169.1 
165.8-172.4 
162.9 
C Maximum preselVed length (from the top of the preselVed portion of the 
"medial" proximal condyle to the tip of the distal malleolus) measured on cast at the 
AMNH by RMQ This measure is equivalent but not identical to Martin's Ml that it is 
taken from the top of the 'lateral' proximal condyle. This preserved length is 
somewhat shorter than the true total length. 
d Ant6n (2003) reports a maximum length of 360 mm on page 149 of her 
manuscript and a total length of 380 mm on page 152. 
homogeneous formulae that is applicable to our particular situa-
tion. That is, a set offormulae applicable to all the long bones of the 
body, to different human species (fossil and recent), based on large 
samples of individuals and that are independent of race, body 
proportions and sex, that facilitate both stature estimation and its 
comparison between different human species, and whose results 
are reasonable. 
Despite the frequent advice against the use of regression 
equations for populations other than those for which they have 
been established, violation of this principle is frequently made 
because of the lack of better alternatives. In this sense, Sj0vold 
(1990) argued that estimating stature from the sample mean 
bone length provides an estimate of the mean stature of the 
population that is independent of the particular statistical method 
used. He applied general equations that are fitted to a wide range 
of populations and upon which the effects of sex and race are 
practically negligible. As regression lines from different pop-
ulations tend to be parallel, passing through their respective mean 
values, a line can be found that passes through all the means, and 
such a line (the line of means) would be practically independent of 
the mean value of any particular population. The number of 
samples used by this author in his formulae for all ethnic groups 
(Table 5) varies between 14 and 44, and the number of individuals 
involved ranges from 3232 to 10,573. Sj0vold (1990) explains the 
statistical details of his approach at length. Although not perfect, 
this method is attractive because it makes it possible to estimate 
the stature of an individual from any unknown population. This 
method was used by Thoma (1995) to estimate the average stature 
of Neandertals on the basis of the femoral length. 
Therefore, the formulae developed by Sj0vold (1990) are 
appealing since they meet many of the expectations mentioned 
above. While this is a Model 11 type equation, specifically the 
reduced major axis (RMA), the decision to use RMA rather than 
OLS is of little consequence on the estimated value of the regres-
sion line slope when the correlation between X and Y is high 
(>0.60) and the regression is based on a large sample size 
(N > 20), since results will be similar (Smith, 2009). Given the 
strong correlation coefficients commonly found between long 
bone length and stature (0.70 < r < 0.87, depending on the bone 
and population; Trotter and Gleser, 1952, 1958; Aiello and Dean, 
1990; Hens et al., 2000 ), all regression formulae of stature on 
long bone length generally meet these two conditions. Moreover, 
the absolute size of the hominin limb bones that we are studying 
in our analysis are of the same general length as those of the 
modern human reference samples used by Sj0vold (1990; see 
Rasing, 1988) and are not outside the range of observed values of 
the predictor variable. For these reasons, use of Sj0vold's formulae 
would appear to be a good solution for stature estimation in the 
SH sample and fossil hominins in general. Nevertheless, since we 
are relying on the Sj0vold's formulae in our analysis, we have 
made several comparisons of these formulae to see how far our 
results can be deemed reasonable. 
Table 5 
Sj0vold (1990 ) weighted lines of organic correlation formulae for all 
ethnic groups independent of sex used in this analysis. 
Bone 
Humerus 
Radius 
Ulna 
Femur 
Tibia 
Fibula 
a Bone lengths in cm. 
Formulaa 
4.62 x HL + 19.00 ± 4.89 
3.78 x RL + 74.70 ± 5.01 
4.61 x UL + 46.83 ± 4.97 
2.71 x FEL + 45.86 ± 4.49 
3.29 x TL+ 47.34 ± 4.15 
3.59 x FIL+36.31 ±4.10 
First, we tested the Sj0vold's formulae in a sample of 44 African 
American individuals of known stature (30 males and 14 females) 
from the Hamann-Todd (H-T) collection housed in the Cleveland 
Natural History Museum. Of these individuals, we have just used 
humeral and femoral length to estimate the stature. Additionally, 
we performed another test with a sample of 139 individuals (73 
male and 70 females) of known stature from the Database for 
Forensic Anthropology in United States (DFAUS) Uantz and Moore-
jansen, 1998). We compared the known stature of these individuals 
with those obtained applying Sj0Vold's formulae to five long bones 
(fibula is excluded) of each individual. 
Second, since the stature estimates based on multiple bones, 
complete extremities or upper and lower limb bones together 
(multivariate formulae) offer the best estimates for an individual, 
stature estimates with multivariate formulae have been compared 
against the estimates based on isolated elements and univariate 
formulae from the same individuals. In the case of the Sima de los 
Huesos, we cannot associate bones of the same individual, but 
complete extremities and associated upper and lower limb long 
bones are available for some Neandertals used in our analysis. 
Specifically, we have chosen for comparisons two male and two 
female Neandertals that are among the most complete individuals: 
Kebara 2, Neandertal1, La Ferrassie 2 and Tabun 1. In fact, only three 
Neandertals are represented by complete upper and lower limb 
bones (Neandertal 1, La Ferrassie 2 and Tabun 1), but to achieve 
a balance between the sexes we have added Kebara 2 to the analysis 
even though it is represented by upper limb bones only. Given the 
statistical debate, we have compared the estimates obtained from 
Sj0Vold's formulae with two other estimates, one calculated by 
averaging the results from different univariate equations, and 
a second calculated using the formulae devised by Wilson et al. 
(2010) based on the large sample of long bone data from the 
DFAUS and the Forensic Anthropology Data Bank (FDB) housed at 
the University of Tennessee. 
Third, some additional comparisons have been made for 
concrete fossil elements such as Femur X and the tibiae from SH. 
We have compared the stature based on Femur X derived from 
Sj0Vold's formulae with the stature calculated with five different 
regression techniques (univariate and multivariate parameters) 
published by Hens et al. (2000). In the case of the tibiae, we have 
compared the Sj0vold results with those derived from the formulae 
calculated by Duyar and Pelin (2003) based on 231 Turkish male 
skeletons. 
Fourth, since the previous results look reasonable (see below), 
we have calculated the stature of the SH humans, Neandertals and 
early modern Humans (EMH), relying on the methods developed by 
Sj0vold (1990) and his formulae for all ethnic groups independent 
of sex listed in Table 5. Since there are no complete Neandertal or 
early modern human fibulae, we have excluded this bone in the 
comparisons. Maximum length of all long bones is used in Sj0vold's 
formulae except for the tibia, in which the Total Length (Martin's 
M1; tibial length without spines) is used (see SOM ). An additional 
methodological problem emerges in the comparison of small, 
heterogeneous and biased samples that include different propor-
tions of upper and lower limb bones coming from both sexes. Since 
we have estimated the sex of all fossil specimens (SOM, Table SI.3), 
we can see that the three fossil samples we use here are strongly 
biased towards males and upper limb bones (Table 6). Regarding 
sex, we divide the sample into male and female specimens by 
calculating the general population mean as the average of male and 
female sub-sample means. The bias of upper to lower extremity 
bones obviously affects in some way our results since it is well 
known that upper extremity elements have a different relationship 
with stature than lower limb bones, and lower extremity long 
bones usually produce more accurate estimates than upper 
Table 6 
Composition of fossil samples used in this work. 
SH Neandertals EMH 
Total number of bones 24 39 17 
Male bones 19 26 11 
Female bones 5 13 6 
Sex ratio approx. (Fem.fMales) 1/4 1/2 1/2 
Upper limb bones 14 26 12 
Lower limb bones 10 13 5 
Limb ratio approx. (Lower/Upper) 1/1 1/2 1/2 
Minimum number of individuals 6 19 6 
Male individuals 4 14 3 
Female individuals 2 5 3 
Sex ratio approx. (Fem.fMales) 1/2 1/3 1/1 
extremity elements. We cannot resolve this problem and compar-
isons are made for male and female groups and for each type of 
bone (see below and Tables 9 and 10). This can also facilitate future 
comparisons of our results with other isolated fossil human long 
bones. Also following Schillaci and Schillaci (2009), for all estimates 
we have determined the probability that the mean statures of our 
fossil subsamples are meaningful approximations of their pop-
ulation's or taxon's parameter. 
Finally, to compare the stature of fossil samples (species) with 
those of recent humans, we must take into account that stature is 
a rather complex dimension that is very difficult to interpret bio-
logically. Different factors affect the final stature of an individual in 
very different ways with additive and complementary effects that 
are not always well understood and that arise from the proportions 
of anatomical segments (head, vertebral column, pelvis and lower 
limb), age, sex, race, population affinity, genetic basis (with several 
loci of additive effects), pathologies, environmental influences, 
nutrition, lifestyle, economic status, health, geography, secular 
variations, etc. (Olivier, 1969; Chiarelli, 1977; Valls, 1980; Jantz and 
Jantz, 1999; Gustafson and Lindenfors, 2004). Furthermore, the 
global distribution of stature is irregular across human populations, 
and both tall and short people can be found in all geographic areas 
(Valls, 1980). As a consequence, a more meaningful way to compare 
the stature of the fossil hominins with the general variation found 
in recent humans is with reference to the nine height classes 
defined by Martin and Sailer (1957) for H. sapiens (Table 7). 
Results 
Sj0vold formulae and recent samples 
Regarding the accuracy of the results using the formulae of 
Sj0vold (1990), as mentioned above, we first compared the known 
Table 7 
Height classes defined by Martin and Saller (1957) for recent populations of Homo 
sapiens. 
Height categories (cm) Men Women 
Midget <130 <121 
Very short height 130-149.9 121-139.9 
Short height 150-159.9 140-148.9 
Below-medium height 160-163.9 149-152.9 
Medium height 164-166.9 153-155.9 CategOlY for 
Neandertal means 
Above-medium height 167-169.9 156-158.9 CategOlY for 
SH means 
Tall height 170-179.9 159-167.9 
Very tall height 180-199.9 168-186.9 CategOlY for 
EMH means 
Giants >200 >187 
stature of 44 individuals from the H-T sample with the stature 
calculated with Sj0vold's formulae using the humerus and the 
femur and averaging both estimates. Despite the error produced by 
estimating stature from single long bone lengths, the average 
stature obtained in this way for the whole sample (171.3 ± 9.7 cm) 
is not significantly different (p = 0.17) from the true sample mean 
(170.5 ± 9.2 cm). Although in absolute terms the differences 
between the known and estimated statures vary from 1.0 to 6.8 cm, 
the mean of the samples is similar,just 0.8 cm larger using Sj0vold's 
formulae. The same occurs when the means are calculated for each 
sex. The difference between the known means 
(males = 175.5 ± 7.0; females = 162.1 ± 7.3) and the means 
calculated with the Sj0vold formulae (males = 174.7 ± 7.3; 
females = 161.5 ± 6.0) is not significant. 
The results obtained using the 139 individuals from the DFAUS 
are very similar to those obtained with the H-T sample. In this case, 
the individual differences vary from 0 to 10 cm, with the largest 
differences found in the tallest and shortest individuals (above 
185 cm or below 150 cm). Nevertheless, the average of the sample 
calculated with five long bones using Sj0vold's formulae 
(169.3 ± 9.0 cm) is very similar to the known mean 
(170.0 ± 9.6 cm), and similar results are produced when the sexes 
are considered separately (SOM, Table 51.6). These results seem 
particularly relevant for the present study since we are attempting 
to estimate the mean stature in fossil samples, even though we 
calculate the stature of each individual in the samples to do so. 
Sj0vold formulae and other univariate and multivariate formulae 
To see whether the Sj0vold formulae yield reasonable results, 
we compared the stature estimates offour Neandertals (two males 
and two females), which are among the most complete individuals: 
Kebara 2, Neandertal 1, La Ferrassie 2 and Tabun 1. 
First, we compared the estimates obtained with Sj0vold's 
formulae and five long bones (excluding the fibula) with those 
calculated averaging 60 different univariate equations (SOM, 
Tables 51.7 and 51.8) and also those calculated using the formulae 
proposed by Wilson et al. (2010). Also, as mentioned above, the 
stature estimates based on multiple bones and multivariate 
formulae offer the best estimates for an individual. Although not 
applicable to the SH specimens, we have compared the stature 
estimates of four Neandertals with Sj0vold's formulae and 29 
multivariate formulae (SOM, Table 51.9). 
As can be seen in SOM, Tables 51.8 and 51.9, the mean statures 
calculated for the Neandertal individuals with different multivar-
iate and univariate formulae are not so different from those 
calculated with just the five Sj0vold formulae. In Table 8, we 
summarize the results. 
In general, the Sj0vold estimates are below those calculated 
with other univariate formulae (Table 8 and SOM, Table 51.8). 
Differences are large (>3 cm) with the Wilson et al. (2010) 
formulae for whites, but not for blacks «1 cm), and it is around 
2.5 cm from the mean of both races. When we compare the Sj0vold 
estimates with the mean stature calculated with 60 univariate 
formulae in SO M, Table 51.8, we see that the Sj0vold formulae 
underestimate the males (Kebara and Neandertal 1) by about 1 cm, 
overestimate the females (La Ferrassie 2 and Tabun 1) by less than 
1 cm, and that the difference between the means of four individ-
uals is negligible (161.0 cm with Sj0vold and 161.4 cm with 60 
univariate formulae). 
When the results using multivariate formulae are compared 
with the Sj0vold results (Table 8 and SOM, Table 51.9), the differ-
ences are not distributed in any particular direction, with about half 
overestimating the stature (compared with Sj0vold) and about half 
underestimating the stature. The largest differences are with the 
Table 8 
Summary of comparisons of mean stature estimates of four Neandertal individuals calculated with Sj0vold formulae and other multivariate and univariate formulae based on 
all available bones.a 
Kebara 2 Neandertall Ferrassie 2 Tabun 1 Mean 
Sj0vold (1990) 172.0 165.3 150.9 155.7 161.0 
Multivariate formulae means 
Dupertuis and Hadden (1951) average (three male and seven female 171.6 (_O.3)b 167.2 (1.9) 152.9 (2.0) 156.0 (0.3) 161.9 (0.9) 
formulae in Table S1.9) 
Pearson (1898) average (three male and six female formulae in Table S1.9) 165.8 (-6.2) 162.4 (-2.9) 149.8 (-1.1) 151.5 (-4.2) 157.4 (-3.6) 
Trotter and Gleser (1952) average (four female formulae in Table S1.9) 151.7 (0.8) 154.3 (-1.4) 
Wilson et al. (2010) average (two male and four female formulae in Table S1.9) 169.7 (4.4 ) 153.6 (2.7) 155.4 (-0.3) 
Mean of multivariate formulae means in Table SI.9 168.7 (-3.3) 166.4 (1.1 ) 152.0 (1.1) 154.3 (-1.4) 160.4 (-0.6) 
Univariate formulae means 
Wilson et al. (2010) black and white average in Table S1.8. 174.7 (2.7) 167.3 (2.0) 153.8 (2.9) 157.8 (2.1) 163.4 (2.4) 
60 Univariate formulae means in Table SI.8 173.2 (1.2) 166.6 (1.3) 150.3 (-0.6) 155.5 (-0.2) 161.4 (0.4) 
a See Tables S1.7-S1.9 for details. 
b Number in brackets is the difference (in cm) between each estimate and the Sj0vold estimate in the first row. 
Pearson (1898) formulae. When the 29 multivariate formulae mean 
is compared with the Sj0vold estimate, again differences are in the 
vicinity of 1.0 cm except for Kebara 2, which is 3.3 cm below the 
Sj0vold estimate, probably because this specimen lacks lower limb 
bones. 
In summary, the mean stature of four Neandertals based on five 
bones and calculated using 60 univariate (160.4 cm), 29 multivar-
iate (161.4 cm) and five Sj0vold formulae (161.0 cm) are quite 
similar (Table 8). 
One particular case that deserves mention is the individual 
represented by Femur X from SH. In previous publications (Arsuaga 
et al., 1999; Carretero et al., 2004), Femur X was incomplete and its 
maximum length was estimated as 47-48 cm. Using a femoral 
length of 47.5 cm and the femur/stature ratio of Feldesman et al. 
(1990), we estimated stature at 173.3-179.5 cm. Using five 
different regression techniques and a large reference sample from 
Table 9 
North America, Hens et al. (2000) estimate this individual's stature 
at 173.9-174.8 cm using also 47.5 cm for the femoral length. The 
missing portion of Femur X was recovered in 2003 and the 
complete bone measures 45.8 cm in length. Based on this new 
shorter length, the Feldesman femur/stature ratio produces 
a stature estimate of 171.3 cm, the five regression formulae of Hens 
et al. (2000) yield a range of stature estimates between 168.5 and 
169.6 cm (mean = 169.0 cm), and Sj0vold's formula yields an 
estimate of 170.0 cm in stature (SOM, Table 51.10). In addition, for 
Femur XII and Femur XIII from SH the difference between the 
Sj0vold estimate and the mean of five regression models is low 
(-1.3 cm), and for the three SH femora the Sj0vold formulae 
overestimate the other techniques (SOM, Table 51.10). In our 
opinion, these differences in stature estimates are very small and 
reinforce the simplicity of using Sj0vold's formulae for our partic-
ular problem and conditions of the SH sample. 
Comparisons of average long bone maximum length and estimated stature (in cm) for the three analysed fossil Homo samples sorted by bone and sex. 
Bone Sex Sample Mean max length Mean height N Specimensa 
Humerus Males SH 33.4 ± 1.4 173.3 ± 6.4 3 Humeri II, X, "XV 
NFAND 31.7 ± 0.6 165.3 ± 2.7 5 Kebara-2, LCh, N-l, Lzt Reg. 
EMH 36.8 ± 2.1 189.0 ± 9.6 4 Qafzeh 8, Skhul4, Skul 5 (r,l) 
Females SH NONE 
NEAND 29.3 ± 1.1 154.2 ± 4.9 3 La Ferrassie 2, Tabun 1, Sidr6n 
EMH 33.0 171.5 Qafzeh 9 
Radius Males SH 25.1 ± 0.7 169.6 ± 2.5 6 Radii II, IV, V, VI, VII, XI 
NEAND 24.3 ± 0.9 166.4 ± 3.6 5 Keb-2, Frr-l , Sha-1, Sha-4, Reg. 
EMH 27.4 178.3 Skhul4 
Females SH 22.2 ± 0.1 158.4±0.3 2 Radius I, Radius X 
NEAND 21.3 ± 1.2 155.3±4.4 3 La Ferrassie 2,Tabun 1, Shanidar 6 
EMH 25.2 170.0 Qafzeh 9 
Ulna Males SH 26.6 ± 1.3 169.2 ± 6.2 2 Ulna VII, Ulna XII 
NEAND 26.6 ± 1.1 169.6 ± 5.3 7 Keb-2, Frr-l (r,l) , Sha-l , 4,5, Sidr6n 
EMH 29.4 ± 0.1 182.1 ± 0.3 2 Skhul4 (r,l) 
Females SH 24.4 159.3 Ulna VIII 
NEAND 23.6 ± 1.2 155.8 ± 5.3 3 La Ferrassie 2,Tabun 1, La Quina V 
EMH 26.2 ± 2.0 167.5 ± 9.6 3 Qafzeh 9, Skhul 7(1), Qafzeh 7 
Femur Males SH 45.3 ± 0.5 168.5 ± 1.3 3 Femora X, XII, XIII 
NEAND 45.6 ± 2.4 169.5 ± 6.4 6 N-l (r,l), Sha-1, Amud 1 (r,l) , Spy-2 
EMH 49.3 ± 0.2 179.3 ± 0.6 2 Skhul4 (r,l) 
Females SH NONE 
NFAND 41.4±0.4 157.9 ± 1.0 2 La Ferrassie 2,Tabun 1 
EMH 47.6 174.7 Qafzeh 9 
Tibia Males SH 36.6 ± 1.1 167.8 ± 4.1 5 Tibiae Ill , VI, XI, XII, AT -848 
NFAND 33.4 ± 1.1 157.2 ± 3.6 3 Shanidar2, Kiik-Koba, Spy 2 
EMH 43.2 ± 0.3 189.5 ± 0.9 2 Skhul4 (r,l) 
Females SH 33.1 ± 0.8 156.1 ± 2.6 2 Tibia IV, Tibia I 
NFAND 30.8 ± 1.0 148.7 ± 3.3 2 La Ferrassie 2,Tabun 1 
EMH NONE 
a Abbreviations when necessary: SH = Sima de los Huesos; NFAND = Neandertals; EMH = Early modern humans from Skhul and Qafzeh; Keb = Kebara; LCh = La Chapelle-
aux-Saints; N = Neandertall; Lzt = Lezetxiki; Reg = Regourdou 1; Frr = La Ferrassie; Sha = Shanidar. 
Table 10 
Comparisons of mean heights for the three analyzed Homo fossil samples. a 
Male bones 
Female bones 
Bones general meanc 
Male upper limb bones 
Male lower limb bones 
Female upper limb bones 
Female lower limb bones 
Upper limb general meand 
Lower limb general meane 
Male Individuals 
Female Individuals 
Individuals general meanl 
General means in bold face. 
a None of the samples include the fibula. 
Sima de los Huesos 
169.5 ± 4.0, (N _ 19) 
157.7 ± 2.0 (N = 5) P = 0.74b 
163.6 
170.6 ± 4.3 (N = 11) 
168.1 ± 3.2 (N = 8) P = 0.83 
158.7 ± 0.5 (N = 3) P = 0.61 
156.1 ± 2.6 (N = 2) P = 0.50 
164.65 
162.1 
166.85 ± 4.7 (N = 4l p = 0.68 
156.1 ± 2.5 (N = 2)& P = 0.50 
161.75 
Neandertals 
166.7 ± 5.9, (N _ 26) 
154.5 ± 4.6 (N = 13) 
160.6 
167.4 ± 4.4 (N = 17) 
165.4 ± 8.2 (N = 9) P = 0.87 
155.1 ± 4.3 (N = 9)p = 0.87 
153.3 ± 5.7 (N = 4) P = 0.68 
161.25 
159.35 
165.6 ± 6.1 , (N = 14)h 
156.6 ± 3.2 (N = 5)h P = 0.74 
161.1 
EMH 
185.1 ± 7.1, (N _ 11) 
169.8 ± 6.5 (N = 6)p = 0.78 
In.45 
185.5 ± 8.2 (N = 7)p = 0.81 
184.4 ± 5.9 (N = 4)p = 0.68 
168.8 ± 6.7 (N = 5)p = 0.74 
174.7 (N= 1)p = 0.36 
In.l 
179.55 
189.6 ± 6.8 (N = 3)i P = 0.62 
167.1 ± 8.7 (N = 3)i P = 0.62 
178.4 
b p = probability that the sample size will yield an estimate of the population mean that falls within 0.5 SD of the true population mean (i.e. , a sample size large enough to 
represent the source population accurately). Only p under 0.90 are indicated. 
C Bones general mean = (male bones mean + female bones mean)f2. 
d (male upper limb bones mean + female upper limb bones mean)/2. 
e (male lower limb bones mean + female lower limb bones mean)/2. 
f Four individuals represented by five male right tibiae (see Table B.7). 
& Two female right tibiae average (see Table B.7). 
h See Table B.8. 
i See Table B.9. 
J Individuals general mean = (male individuals mean + female individuals mean)/2. 
Finally, using the SH male tibiae we have compared the Sj0vold 
results with those derived from the formulae calculated by Duyar 
and Pelin (2003) based in 231 Turkish male skeletons (SOM, 
Table 51.11). Again, most differences between estimates with the 
Sj0vold formulae and those with three different Turkish equations 
are less than 2.0 cm, and differences between the means are less 
than half a centimetre. 
In sum, although Sj0vold's formulae usually underestimate the 
stature compared with many other univariate formulae (e.g., 
Wilson et al., 2010), the mean statures calculated averaging results 
with many of them are not very different from the statures calcu-
lated using just the five Sj0vold formulae, and the differences are 
only around 1.0-1.5 cm. There is no clear bias in the direction of 
differences in the comparisons with multivariate formulae means, 
but again the magnitude of these differences are around 
1.0-1.5 cm. The same occurs with the femora and tibiae from SH 
and their stature estimation using Sj0vold or other formulae, and 
the differences are always around 1.0-1.5 cm (Table 8 ). These 
results suggest a 'maximum difference' of 2.0 cm in mean estimates 
between Sj0vold and other techniques, differences that can be 
reasonably assumed when estimating stature in either recent 
populations or fossil samples. Given this good agreement, we have 
relied on the Sj0vold formulae to estimate and compare stature 
between our three fossil samples. 
Sj0vold formulae applied to the fossil samples 
First, we would point out that the mean length of four out of 
five long bones from SH is greater than the corresponding means 
in the Neandertals (Table 9 ). Only in the femur does the Nean-
dertal mean exceed SH, although by less than 1 cm. Conse-
quently, most of the estimated heights with the bones from SH 
are greater than those estimated with Neandertal bones 
(Table 9 ). Given the strong relationship between long bone 
length and stature, we can conclude that Neandertals were 
probably somewhat shorter than the SH hominins. Early modern 
human long bones are significantly longer (p < 0.05) than SH or 
Neandertal long bones, particularly in the lower limb, and this 
particular population of humans (Skhul/Qafzeh) was taller than 
any other Homo species. 
Because the overall mean statures using all available bones in 
the three fossil samples would be strongly male- and upper limb-
biased, we have compared males and females and upper and 
lower limb bones separately. To calculate the population means, we 
have averaged the male and female means (Table 10). The SH male 
and female means (169.5 and 157.7 cm, respectively) are about 3 cm 
above the corresponding Neandertal means (166.7 and 154.5 cm). 
The ranges are coincident at their upper limit in both sexes, around 
177 cm in males and 160 cm in females, but since the Neandertal 
samples include shorter long bones, they also have smaller lower 
limits (Tables 1 and 2). In contrast, early modern humans are 
markedly taller, with male and female means (185.1 and 169.8 cm, 
respectively) far above the SH and Neandertal means. The average 
of male and female means, what we have termed the population 
mean, is 163.6 cm for the SH sample, 160.6 cm for the Neandertals 
and 177.4 cm for the EMH sample. The differences between the SH 
and Neandertal estimates remain around 3 cm when specimens are 
sorted by both sex and extremity (male and female upper and 
lower limb bones), although in this case sub-sample sizes drop 
dramatically, particularly for females (Table 10). 
Schillaci and Schillaci (2009) have devised a method for esti-
mating the probability that the measured sample mean is within 
a desired fraction of the standard deviation of the true (population) 
mean. That is, how well estimates of the population mean based on 
a small sample approximate the true population parameter. Using 
their data, we can determine that for our three fossil samples 
divided by sex (SH = 19 male, five female bones; Neandertals = 26 
male, 13 female bones; EMH = 11 male, six female bones), the 
probability that the mean stature calculated is within ±0.5 s.d. of 
the true population (or taxon) mean is above 90% only for 
subsamples above ten specimens (i.e., SH male bones and male 
upper limb bones, Neandertal male and female bones, male upper 
limb bones and male individuals and EMH male bones) (Table 10). 
Thus, at least for the males, the mean stature calculated for these 
subsamples appears to be a good proxy for the real fossil population 
(species) male stature. 
The general Neandertal mean calculated by us (160.6 cm) is 
smaller than some others published previously (e.g., 166.0 cm, 
N = 18; Trinkaus, 1983 ). Obviously, the different formulae used in 
the analyses and different sample compositions explain these 
differences. The Trotter-Glesser formulae are the most commonly 
used by researchers, and fossil long bone samples often include 
incomplete specimens whose length has been estimated by 
different methods and with different accuracies. An additional 
strength of the results in the present study is that they are based 
only on complete bones. 
The comparison by individuals between the SH, Neandertal and 
EMH samples is less consistent, since many of them are represented 
by just one bone. For example, the six individuals represented in SH 
(four males and two females) are based on seven tibiae. Never-
theless, since this is an inherent problem in the fossil record, we 
have made some comparisons (Table 10 and see also SOM, 
Tables S1.12, S1.13, SI.14). The pooled sex mean height calculated 
with the seven SH tibiae (163.2 cm) is very close to the population 
mean calculated previously with all bones (163.6 cm) and is 
virtually identical to the same overall mean calculated for the 19 
Neandertal individuals based on different bones (163.4 cm) (see 
also SO M, Tables S1.12, SI.13). The range of the six SH individuals 
based on the tibia varies between 154.3 and 171.7 cm and is 
encompassed within the range of the 19 Neandertal individuals 
(151.7-176.8 cm). Finally, the six early modern human individuals 
are again very tall compared both SH and the Neandertals (Table 8 
and SO M, Table 51.14). 
Despite some overlap in the ranges of variation, nearly all mean 
values in the SH sample (whether considering isolated bones, the 
upper or lower limb or more complete individuals) are larger than 
those of Neandertals (Tables 9 and 10 and SOM, Tables SI.12 and 
SI.13). Taking into account the means, s.d., and range of variation of 
stature estimates we can say that the SH humans fall within the 
'above-medium height' and 'tall height' categories for living pop-
ulations defined by Martin and Sailer (1957) (Table 7). Average 
values in Neandertals falls more clearly into the category of 
'medium height' individuals, but again, taking into account the 
means, s.d. and the ranges of variation of estimates, we can say that 
among the Neandertals one can find 'medium height', 'above-
medium height' and 'tall height' people in both sexes. 
In sum, and despite the overlapping of both samples, most SH 
lengths or estimated statures are above those of Neandertals 
whether calculated by individuals, bones or limbs. As a conse-
quence, we feel that the SH humans represent a population 
or taxon that was slightly taller than the Neandertals, while 
the latter apparently underwent a slight reduction in stature 
compared with their ancestors. Of course, more precautions are 
necessary when considering the estimates made with the bones 
grouped by individual or sex, as the sample sizes, especially in 
SH and early modern humans are small. For SH female bones, 
female individuals and lower limb bones sub-samples, as well as 
for the Neandertal female individuals, sample sizes are not large 
enough to represent the source population reliably (Table 10). 
This is also the situation in most cases for the early modern 
human sub-samples. 
In any case, based on data of present-day European populations 
that live around the western Mediterranean arc (Mendon<;:a, 2000; 
Padez, 2002; Sanna, 2002; Arcaleni, 2006 ), we can assert that 
neither the SH humans nor the Neandertals could be characterized 
as 'short' people compared with the Spanish, French, Italian or 
Portuguese citizens of the last half century. Interestingly, the 
differences between the male and female bone means in Table 10 of 
both the SH and Neandertal samples (c. 12 cm) are similar to the 
difference we observe today in the majority of human populations 
(c.1O-12 cm, see references above), again suggesting a similar level 
of sexual dimorphism characterized these Pleistocene populations 
(Arsuaga et al., 1997a; Lorenzo et al., 1998). This difference is more 
marked (15.3 cm for bones and 22.5 cm for individuals) in the early 
modern human sample (Table 10 ). 
Comparisons with other Homo taxa 
There are several complete or virtually complete long bones 
belonging to Homo georgicus, and this taxon has recently been 
suggested to show largely modern human-like limb proportions 
(Lordkipanidze et al., 2007). We have estimated the stature for this 
species to confirm that Sj0vold's formulae do not produce incon-
sistent results in these small body size individuals (SOM, 
Table SI.15). Our estimate for the H. georgicus large adult individual 
(149.0 cm) is very similar to those reported by Lordkipanidze et al. 
(2007) (149.3 cm), confirming that these hominins are not out of 
the range of applicability of Sj0vold's formulae. 
Stature estimates for the African species, Homo ergaster, are 
necessarily based on incomplete (KNM-ER 736, 737, 1808, OH-34, 
OH-28) or immature (KNM-WT -15000) specimens and seem to 
be quite variable (Feldesman and Lundy, 1988; Feldesman et al., 
1990; Ruff and Walker, 1993 ). The average height derived from 
these few specimens varies according to different authors and 
estimates, but using Ruff and Walker's (1993) length estimates 
for the these six specimens we obtain a mean of 169.8 cm (see 
SOM, Table SI.16). Graves et al. (2010) have recently examined 
alternative life history trajectories in this species to re-evaluate 
adult stature estimates for KNM-WT 15000. According to them, 
it is likely that this individual would have only attained an adult 
stature of 163 cm, and not 185 cm as previously reported by Ruff 
and Walker (1993). The new mean stature calculated here for the 
same six specimens mentioned above, but using Graves et al. 
(2010) revised estimate for KNM-WT 15000, is 3.7 cm lower 
(166.1 cm) (sOM, Table 51.16). 
The height estimates for the species Homo antecessor are based 
on the Trotter and Gleser (1958) formulae and relied on either 
incomplete long bones (radius) or bones not especially well related 
with stature (clavicle and metatarsal 11) (Carretero et al., 1999). 
Given these caveats, the mean of the three estimates is 172.6 cm 
(sOM, Table 51.16). 
Stature in the jinniushan female partial skeleton from China, 
dated to c. 260 ka, has been estimated at 168.8 cm using Trotter's 
(1970) formula for ulna length (26.0 cm) in Euroamerican women 
(Zune, 1990; Rosenberg et al., 2006). Sj0vold's formula yields 
a stature estimate of 166.7 cm (Table 4 ). The Neandertal ulna from 
Sidron (Spain) is similar to jinniushan both in length (26.1 cm) and 
estimated stature (167.2 cm), and Ulna XII from SH is also close to 
these figures in length (25.6 cm) and stature (164.8). 
Considering that the ulna is not the best estimator of height 
among the long bones, and that upper limb bones generally esti-
mate slightly taller statures than lower limb bones, the jinniushan 
individual was probably closer to 165 cm than to 170 cm in stature, 
and was in any case above 160 cm, i.e., she was a 'tall height' woman 
(sensu Martin and Sailer, 1957 ). In contrast, none of the SH or 
Neandertals female bones produce estimates above 160 cm 
(Tables 1 and 2 ). In fact, both Sidron and Ulna XII from SH are 
tentatively classified as males in our discriminant analyses (SOM, 
Table 51.3). 
The length of the jinniushan ulna fits much better among the 
male values than among females of many European or Euro-
american recent human samples (see for example Trotter and 
Gleser, 1958; Olivier, 1969; Krogman and Iscan, 1986) and yields 
a height of 170.2 cm using Trotter's (1970) formula for Euro-
american men, a value more in line with the SH and Neandertal 
males. Although there may be some questions regarding the sexual 
diagnosis of these three ulnae (Sidron, SH Ulna XII andjinniushan) 
as well as potentially different limb proportions of the individuals 
to whom they belong, these results underline the importance of 
correct sexual diagnosis of fossil remains when making palae-
obiological interpretations. 
Continuing in Asia, only the left Femur I from Trinil is a complete 
bone. The height estimated with Feldesman et al. (1990) formulae 
for this femur of Homo erectus is 172.8 cm while the Sj0vold formula 
yields a stature estimate of 171.1 cm (Table 4 ), that it is again close 
to the average of SH male bones (169.5 cm; Table 10 ). Given the 
scarcity of postcranial fossils in Asia, we have included Tibia B from 
Ngandong in our comparative analysis (Santa-Luca, 1980; Anton, 
2003 ). Although the specimen lacks most of the proximal epiph-
ysis, the maximum preserved length (370 mm) is nearly equivalent, 
albeit a little bit shorter, to the total length (Ml) used in Sjovold's 
formula (Table 4 ). With this tibial length a stature of 169.1 cm is 
estimated with the Sjovold formula (Table 4 ). Applying the general 
formula and the formula for medium size tibiae of Duyar and Pelin 
(2003) reported in SO M, Table 51.11, we obtain heights of 169.2 and 
171.6 cm, respectively. 
Another important complete fossil long bone, in this case from 
the Middle Pleistocene of Africa, is the tibia from Kabwe, Zambia 
(Pycraft et al., 1928), which seems to be the only postcranial bone 
from the site that can be clearly associated with the skull (Pearson, 
2001 ; Trinkaus, 2009 ). Based on a length of 40.8 cm (Ml in 
Trinkaus, 2009), we obtain a stature estimate of 181.2 cm with 
Sj0vold's formula, much more in line with the values found among 
early modern humans than with the Middle Pleistocene SH homi-
nins or the Neandertals. Trinkaus (2009) also reported a tall stature 
for the Kabwe tibia relying on the formulae of Trotter and Gleser 
(1958) for AfroAmerican and EuroAmerican male individuals 
(178.9 cm and 184.4 cm, respectively), a height that is comparable 
only with Amud 1 among the Neandertals (SOM, Table 51.13). 
It should be noted that Kabwe is among the longest human 
tibiae in the fossil record, even when compared with many recent 
human sample means (Pycraft et al., 1928; Trinkaus, 2009). 
Although tentative, this great length might be taken to suggest 
a high crural index. If so, the stature may be overestimated 
regardless of the formula used, since high brachial and crural 
indices can lead to overestimation of the stature when based on 
distallimb segments (Formicola, 2003 ). In any case, as noted also by 
others (Kennedy, 1984; Stringer et al., 1998; Trinkaus, 2009), the 
Kabwe tibia derives from a single Middle Pleistocene individual 
that is probably among the tallest of the known specimens of 
archaic Homo from the Pleistocene. As with any other biological and 
metric parameter, some degree of normal variation in stature must 
be expected, i.e., short and tall individuals certainly exist in all 
populations; Kabwe,jinniushan and Amud 1 may have been tall for 
their respective populations (or species). Thus, presently we know 
very little about body size and shape in African Middle Pleistocene 
humans. 
Finally, as has been already shown by many authors, the stature 
estimates of early modern humans from the Middle East are clearly 
tall (general mean for the 17 available complete long bones is 
177.4 cm, and for the six represented individuals is 178.4 cm; 
Table 10). Although variation is large (and striking), all these early 
H. sapiens were 'very tall height' people by recent human standards 
(Martin and Sailer, 1957 ), and much more compared with other 
fossil Homo species (SOM, Table 51.14). 
Discussion 
Some of the most widely discussed aspects of hominin post-
cranial morphology are related to differences in body size, shape 
and proportions between the different species which comprise our 
genus. The African species, H. ergaster, appears to have undergone 
a 'body revolution' consisting of, among other things, a significant 
increase in stature and the acquisition of human-like limb 
proportions around 1.8 Ma (millions of years ago). Recently, Graves 
et al. (2010) have suggested a more gradual increase in stature from 
early hominins to modern humans, and argue that H. ergaster may 
not be the 'great leap forward' previously envisioned. 
Although the African and Asian Middle Pleistocene fossil record 
of complete long bones (and postcranial remains in general) is 
extremely scarce, the results from the present study suggest that 
individuals that can be classified as above-medium and tall people 
(sensu Martin and Sailer, 1957; see Tables 7 and 9) were common in 
Africa, Asia and Europe during this period. 
Our results also show that the SH humans were a slightly taller 
population (or species) than the Neandertals, who probably 
reduced their stature slightly compared with their ancestors. 
Nevertheless, even more relevant is the suggestion that since the 
emergence of H. ergaster the stature of different Homo species 
seems to have changed little over the course of nearly two million 
years, until the appearance of H. sapiens (Tables 9 and 10). 
We have proposed elsewhere, based on the pelvic remains from 
SH (Arsuaga et al. , 1999; Carretero et al., 2004), a model of human 
body evolution in which during the Pleistocene all archaic Homo 
taxa shared a large, absolutely wide and robust body. This primitive 
biotype was present not only in colder climates, as predicted by the 
cylindrical thermoregulatory model proposed by Ruff (1991, 1994), 
but also in temperate and/or tropical Asia and Africa. Subsequent 
discoveries in Asia (Rosenberg et al., 2006) and Africa (Grine et al., 
1995; Simpson et al., 2008; and see; Trinkaus, 2009 ) support this 
view. Apparently, this primitive biotype only changed around 
200 ka with the emergence of H. sapiens and its slender, narrower, 
and lighter body (=derived biotype). 
As we have shown here, 'medium height' and 'above-medium 
height' people seem to characterize the primitive Homo biotype, 
while a 'very tall' body characterizes the derived biotype. The 
heights proposed for all fossil human species, except early 
H. sapiens, seem to average around 165-170 cm, although tall 
individuals exist within all samples (e.g., Amud 1, Kabwe and jin-
niushan). It is only the first H. sapiens that are consistently and 
dramatically taller. Therefore, the evolution of stature (and perhaps 
also body size and shape) in humans seems to have been charac-
terized by a long period of stasis during which the primitive body 
plan shared by the different Homo species varied rather little in 
stature throughout the Pleistocene, until the rapid appearance 
200 ka of a new species with a new biotype, the 'light' H. sapiens. 
On the other hand, some limb proportions (i.e., brachial and/or 
crural indices) might have followed a pattern more consistent with 
Alien's rule and ecogeographical variation in humans (Holliday, 
1997a, 1999, 2006; Holliday and Ruff, 1997; but see; Walker et al., 
2011 ), as suggested by the long absolute length of the Kabwe 
tibia or the limb proportions of the H. ergaster KNM-WT 15000 
individual (Ruff and Walker, 1993 ). This underlines the mosaic 
nature of the evolutionary process. The SH evidence suggests limb 
proportions in these European Middle Pleistocene humans that 
were very similar to temperate European recent populations 
(Carretero et al., 2005 ). However, there are currently no definitive 
associations between limb elements within the SH collection, and 
very little postcranial evidence is known in Africa and Asia during 
this period to demonstrate a latitudinal gradient pattern. 
In any case, the height gain and increased limb lengths in 
H. sapiens are real and require a convincing palaeobiological and 
evolutionary explanation. We must consider the tall stature of early 
H. sapiens within the more general framework of evolution of body 
size and shape, and as part of the derived full body bauplan of our 
species that involves not only increasing height and limb lengths, 
but decreasing absolute body breadth, body weight and skeletal 
(bone) robusticity. 
We have described the wide pelvis of archaic Homo as 'obstet-
ricaly wasteful' (Arsuaga et al., 1999) and have suggested that the 
size of the pelvis is influenced primarily by biomechanical rather 
than obstetric factors (but see Berge, 1998 ). The biomechanical 
restrictions associated with such a wide pelvis would have been 
compensated for with a long femoral neck (Arsuaga et al. , 1995), 
iliac flaring (Arsuaga et al. , 1999; 2006; Bonmati et al., 2010), thick 
cortical bone and different cross sectional properties of long bones 
(Rodriguez et al., 2007) and heavy musculature. Increases in body 
mass generate greater stresses in the pelvic region and more power 
is required to move the body, i.e., more muscles and therefore more 
energy. Total energy requirements of these archaic humans were 
very high (Holliday and Falsetti, 1995; Leonard and Robertson, 
1997; Trinkaus and Rhoads, 1999; Sorensen and Leonard, 2001 ; 
Aiello and Key, 2002 ; Aiello and Wells, 2002; Franciscus and 
Churchill, 2002; Leonard and Ulijaszek, 2002 ; Steegmann et al., 
2002 ; Churchill, 2006; Steudel-Numbers, 2006; Weinstein, 2008; 
Gamez-Olivencia et al., 2009), and were a crucial factor for their 
survival, making them subject to the forces of natural selection. 
The increased height and lower limb length, and the narrow 
pelvis characteristic of early H. sapiens, may have been favoured by 
natural selection for thermal, obstetrical, nutritional or mechanical 
reasons (Ruff, 1995; Holliday, 1997b; Berge, 1998; Tague, 2000 ; 
Porter, 2002; Churchill, 2006; Weaver, 2009; Weaver and Hublin, 
2009 ). However, in our opinion, the most important selective 
factor is an increase in energetic efficiency. Longer lower limbs 
result in substantial savings in locomotor costs (Kramer and Eck, 
2000; Steudel-Numbers and Tilkens, 2004; Steudel-Numbers 
et al., 2007) and increased speed, and were very likely to be fav-
oured by natural selection. The taller stature and decrease in 
general robusticity compared with that of other archaic humans, 
such as the Neanderthals, would have reduced both the power 
necessary to move the body and the total energy cost for H. sapiens. 
The cost to travel a given distance has been estimated to have been 
around 30% greater for Neanderthals than for anatomically modern 
humans (Holliday and Falsetti, 1995), and the Neandertals share 
with the rest of archaic humans the primitive biotype. We are 
'lighter' and energetically 'cheaper' than other human species, 
which was an important advantage in the ecological competition 
produced in Europe during the late Upper Pleistocene with other 
intelligent, albeit more expensive, human species such as the 
Neandertals. The tall stature of these early H. sapiens seems to have 
remained constant for much of the Upper Pleistocene since it also 
characterized European Upper Pal eo lithic populations prior to the 
Last Glacial Maximum (Holliday, 1997a; Formicola and 
Giannecchini, 1999). The decrease in absolute brain size of 
H. sapiens observed over the last 35,000 years has been parallelled 
by a general decrease in body size (Ruff et al., 1993 ; 1997). 
Conclusions 
Due to the methodological difficulties involved in the estimation 
of stature in fossil humans (bone type, body proportions, sex, 
statistical technique, etc.) and the lack of consensus on a valid 
method broadly applicable in all cases, the formulae proposed by 
Sj0vold (1990) meet some requirements that in our opinion make 
them most appropriate: i) there is an equation for each long bone of 
the body, ii) they apply to any bone regardless of the body 
proportions of the population from which they came, and iii) they 
apply to any bone independently of the sex determination of the 
specimen. 
The general stature (male mean + female meanj2) with the 24 
(fibulae not included) complete long bones from SH (163.6 cm) is 
only about 3 cm higher that the general mean of 39 complete 
Neanderthal bones (160.6 cm), and these differences are nearly 
constant in all comparisons, whether by long bone, upper or lower 
limb or individuals (Tables 8 and 9). Although the differences 
between the two samples are not significant, it is likely that the SH 
hominins were somewhat taller on average than the Neandertals 
since the SH humans had, on average, longer limb bones than the 
Neandertals. 
The SH male and female means fall under the category of ' above-
medium height' and 'tall height' individuals defined by Martin and 
Sailer (1957) for recent H. sapiens. The same average in Neander-
thals falls more clearly into the category of 'medium height' indi-
viduals. However, in both samples 'tall' individuals, (i.e., above 
170 cm for men and 160 cm for women) can be found. 
In light of our results, it seems that Lower and Middle Pleisto-
cene humans from Africa, Asia, and Europe were characterized by 
heights in the range of Medium and Above-Medium individuals, 
although tall individuals are found in all three geographical areas. 
During the Upper Pleistocene, Neanderthals reduced only slightly 
their height in relation to their ancestors such as the people from 
Sima de los Huesos. 
As noted previously by others, it was the first H. sapiens indi-
viduals who had a radically different stature from earlier humans 
(177.4 cm average of both sexes). In our view, this tall stature is part 
of a derived 'light' and less expensive biotype in this species. During 
contact in Europe in the Late Pleistocene between two very 
intelligent human species, the less expensive biotype of H. sapiens, 
was a crucial advantage in its ecological competition with 
H. neanderthalensis. 
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